The dielectric behavior of SrTiO 3 single crystals under high dc electric field ͑up to 50 kV/cm͒ is reported in this letter. The rounded dielectric constant peaks are induced by the application of dc bias, and the corresponding dielectric losses are observed. The results show that dielectric loss under dc bias consists of several components coming from ''defects mode'' and ''induced mode.'' The field dependence of these modes is studied and their physical nature is discussed. © 2000 American Institute of Physics. ͓S0003-6951͑00͒04314-X͔ In order to meet the needs of continuously increasing development in communication, field and frequency agile materials for microwave electronics ͑FAME͒ are desirable.
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Currently the most studied system for FAME is the perovskite SrTiO 3 .
3-6 SrTiO 3 shows a high nonlinear electric-field effect at low temperatures and a reasonably low dielectric loss. 3, 4 However, it is also found that when SrTiO 3 is made as a thin film, the dielectric loss is increased by more than an order of magnitude. [5] [6] [7] Understanding of the higher losses in thin film SrTiO 3 is not very convincing yet. In fact, knowledge concerning the dielectric loss under high dc electric field for single crystal is almost lacking. To achieve dielectric tuning in thin films very high fields are often applied. This is possible because of the enhanced breakdown strength of the films and the possibility to achieve high electric field at low terminal voltages in these very thin samples. The understanding of the physical nature of dielectric loss in SrTiO 3 , especially under high dc electric field, is highly desirable with the current importance of the FAME materials.
Pure SrTiO 3 is an intrinsic quantum paraelectric. 8, 9 It is known that permittivity peaks can be induced in SrTiO 3 by the application of external electrical field. 10 The effect of dc electric field on dielectric behavior of SrTiO 3 single crystals has been extensively studied by several groups. [10] [11] [12] However, the dielectric loss or a good understanding of it under dc electric field has not been reported.
In this letter, we measured the effect of dc electric field up to 50 kV/cm on dielectric properties of SrTiO 3 single crystals, in an effort to obtain more experimental data to enhance our understanding of the electric-field dependence of the dielectric loss and the physical mechanisms responsible.
The single crystal samples with ͑100͒ polished surfaces were obtained from commercial source. Complex dielectric permittivity was measured using an HP 4284A LCR meter with an ac field of 1 V/mm parallel to the ͓100͔ direction. Temperature dependence of the dielectric properties was measured in a cryostat system in the temperature range 12-300 K, while the specimen was being cooled or heated up at a cooling/heating rate of 1 K/min and readings were taken at every 1 or 2 K interval. The dc voltage is applied to the samples and a blocking circuit is adopted to separate the high dc voltage from the LCR meter.
Temperature T dependence of the dielectric constant and dielectric loss (tan ␦) as a function of frequency for the The results show that a dielectric peak is induced by applying dc electrical field; this is similar to those widely reported results in the earlier literature. [10] [11] [12] For the dielectric loss, the curve shows more complicated behavior. In the temperature range of 12-120 K and the field range of 2-20 kV/cm, as shown in literature, [10] [11] [12] the peak induced by the electric-field in the dielectric constant indicates an occurrence of a ''ferroelectric phase transition,'' i.e., the peak could be recognized as a ''ferroelectric peak.'' Generally, for a ferroelectric peak, the corresponding loss peak should occur at the same temperature. Therefore, it is reasonable to assign a loss peak that occurs at the temperature of the ferroelectric peak in the dielectric constant, as peak A ͑shown as solid curves in Fig.  2͒ . In addition to peak A, another peak is also noticeable, whose T m is found to be field independent ͑denoted as mode III, shown as a dashed line͒. With further increasing field, from 25 to 50 kV/cm ͑see Fig. 3͒ , it is observed that modes I, II, and III almost disappear, and only one peak remains, whose temperature corresponds exactly to that of the dielectric constant maximum; hence, this peak is peak A. Figure 4 shows a summary of the dielectric relaxation modes for the different electric fields 0-50 kV/cm in the form of a phase diagram. The T m for three modes, I, II, and III does not change with electric field. However, modes I, II, and III vanish at high electric fields. The T m of peak A shifts to higher temperatures with increasing electric fields, which is the only one that stays with the increase in electric field Eу25 kV/cm.
The relaxation modes I ͑ϳ75 K͒ and III ͑ϳ28 K͒ observed have also been observed in single crystals by Mizaras and Loidl 13 and Viana et al.; 14 in polycrystalline samples by Chen et al., 15, 16 and in thin films by Li et al., 17 Mizaras and Loidl attributed mode III to the dynamic response of the domain walls that occur at the cubic-to-tetragonal phase transition. 9, 18 Viana et al. attributed mode III to a possible coherent state. 14, 19 Mode II has not been observed or discussed by the previous workers.
However, it is recognized that the possibility of the existence of the quantum coherent state around 37 K is still an open question. Müller et al. 19 suggested that it is a static response rather than a dynamic response, but mode III obviously exhibits a dynamic behavior. Mode III thus cannot be explained as a quantum coherent state. In addition, the important and common characteristic of modes I, II, and III is their field-independent T m . Similar dielectric modes were also reported in pure and Bi doped SrTiO 3 with T m independent of the concentration of the doping impurity. 15, 16 This indicates that besides the contribution of the defects ͑or impurities͒, an intrinsic mechanism should be involved.
It is well known that SrTiO 3 is a typical soft mode quantum paraelectric. In nominally pure SrTiO 3 , low levels of unavoidable defects and impurities ͑for example, oxygen vacancies͒ may be present. Therefore, it is highly possible that such defects could interact with the soft modes at low temperatures, and contribute to dielectric relaxation behavior. In SrTiO 3 doped with a small amount of Bi ͑500 ppm͒, 15, 16 obvious enhancement of the similar relaxation process supports this conjecture. Indeed, in the soft mode quantum paraelectric KTaO 3 , the dielectric relaxation at low tempera- ture ͑ϳ40 K͒ was found to be related to the defects/impurities. 20, 21 In the present work, we suggest that the modes I, II and III observed, similar to the ''defects mode'' in Bi doped SrTiO 3 , could be attributed to the reorientation of the dipoles ͑formed by the impurities and defects͒ that interact with the soft modes.
The dielectric loss amplitudes of modes I, II, and III, and peak A verses electric field at 10 kHz are shown in Fig. 5 . It can be seen that for all the anomalies, the loss amplitudes are varied nonmonotonously with electric field, i.e., with increasing electric field, the dielectric losses initially increase, then with further increasing electric field, the losses decrease. For modes I, II, and III, as the electric field reaches 20 kV/ cm, the typical loss levels are 0.0002-0.0004. For peak A, at ϳ5 kV/cm, the loss reaches a maximum, then decreases with increasing fields. As electric field Eу25 kV/cm, modes I, II, and III almost disappear, and only peak A remains. Similar behavior is also observed for the ''defect mode'' in Bi doped SrTiO 3 . 15, 16 The physical mechanism needs further study. In conclusion, the effect of dc electrical field on dielectric properties of SrTiO 3 has been studied. A rounded dielectric constant peak is induced by the application of dc bias. The dielectric losses are more complicated than the dielectric constant. There are four anomalous peaks: three peaks are identified as associating with ''defects modes,'' whose T m is independent of electric field; the fourth is an electric-field dependent mode or ''induced mode,'' which corresponds to the induced peak in the dielectric constant. The results show that the dielectric losses consist of several components coming from the defects modes and the induced mode at low electric field; at higher electric field ͑у25 kV/cm͒, the defects modes disappear, and only the induced mode remains.
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